Background-Heart failure is an inflammatory disease. Patients with acute decompensated heart failure (ADHF) exhibit significant inflammatory activity upon admission. We hypothesized that Interleukin-1 (IL-1) blockade, with anakinra (Kineret™, Swedish Orphan Biovitrum), would quench the acute inflammatory response in patients with ADHF.
decompensations of HF remain largely unexplained. Consequently, hospitalization rates for ADHF have tripled over the last 25 years and ADHF has now become the leading cause for hospitalization among US patients >65 years old. [2] [3] [4] Mortality during ADHF admission is estimated at 3-4% and nearly 50% of discharged patients will be re-hospitalized within 90 days. Numerous clinical trials exploring the management of ADHF have consistently failed to reduce HF morbidity and mortality after discharge. [5] [6] [7] [8] [9] [10] [11] [12] [13] Taken together, these findings demonstrate the urgent unmet need to develop novel treatment strategies for ADHF and suggest that the current treatment paradigm fails to interrupt one or more key pathophysiologic mechanisms.
The evidence for the presence of inflammation in ADHF is overwhelming. [14] [15] [16] [17] [18] Many unanswered questions remain, however, regarding what drives the systemic inflammatory response and whether inflammation plays a key role in decompensation or is merely a marker of disease. Interleukin-1 (IL-1) is an apical inflammatory cytokine that is moderately elevated in most forms of HF, but becomes markedly elevated during ADHF admission as measured by C-reactive protein and IL-6, surrogate biomarkers of IL-1 activity. 14, [19] [20] [21] [22] Given that IL-1 is sufficient to induce cardiac dysfunction in cellular and animal models of HF, 21, 22 we proposed to investigate whether IL-1 activity is a modifiable factor in the systemic inflammatory response during ADHF.
Methods
We designed a randomized, double-blinded, placebo-controlled pilot study. The study was registered at ClinicalTrials.gov (NCT01936844) and operated under an Investigational New Drug Application (IND) held by the authors (IND 118, 957) . The study was approved by the Virginia Commonwealth University Institutional Review Board and all patients provided written informed consent.
To be eligible for enrollment, patients had to meet the following inclusion criteria: (1) Primary diagnosis of acute decompensated heart failure within the last 24 hours as evidenced by dyspnea at rest and evidence of elevated cardiac filling pressure (or pulmonary congestion) as evidenced by pulmonary congestion/edema at physical exam (or chest radiography), plasma B-type natriuretic peptide ≥200 pg/mL, or invasive measure of LV end-diastolic pressure >18 mmHg or pulmonary artery occluding pressure (wedge) >16 mmHg; (2) LV systolic dysfunction (LVEF <40%) during the index hospitalization or prior 12 months; (3) Age ≥18 years old; (4) Willing and able to provide written informed consent; (5) Screening plasma C-reactive protein ≥5 mg/L. Patients were excluded for any of the following exclusion criteria: (1) Primary diagnosis for admission for something other than decompensated heart failure, including diagnosis of acute coronary syndromes, hypertensive urgency/emergency, tachy-or brady-arrhythmias; (2) Concomitant clinically significant comorbidities that would interfere with the execution or interpretation of the study including but not limited to acute coronary syndromes, uncontrolled hypertension or orthostatic hypotension, tachy-or brady-arrhythmias, acute or chronic pulmonary disease or neuromuscular disorders affecting respiration; (3) Recent (previous 3 months) or planned cardiac resynchronization therapy (CRT), coronary artery revascularization procedures, or heart valve surgeries; (4) Previous or planned implantation of left ventricular assist devices or heart-transplant; (5) Chronic use of intravenous inotropes; (6) Recent (<14 days) use of immunosuppressive or anti-inflammatory drugs (not including NSAIDs); (7) Chronic inflammatory disorder (including but not limited to rheumatoid arthritis, systemic lupus erythematosus); (8) Active infection (of any type); (9) Chronic/recurrent infectious disease (including HBV, HCV, and HIV/AIDS); (10) Prior (within the past 10 years) or current malignancy; (11) Any comorbidity limiting survival or ability to complete the study; (12) End stage kidney disease requiring renal replacement therapy; (13) Neutropenia (<2,000/ mm 3 ) or Thrombocytopenia (<50,000/mm 3 ); (14) Pregnancy.
Data Analysis
The primary analysis compared the area-under-the-curve (AUC) at 72 hours for C-reactive protein as measured by high sensitivity assay (hsCRP) between allocation groups. For patients who were discharged prior to 72 hours, but completed at least 48 hours of treatment during their hospitalization, the last remaining blood draw prior to discharge was carried forward to be included in the 72 hours analysis. A limited transthoracic echocardiogram was performed at baseline and 14-day follow-up according to American Society of Echocardiography Recommendations to measure LV end-diastolic and end-systolic volumes in the apical 4-and 2-chamber views; the transmitral flow and mitral annulus tissue Doppler spectra were acquired from the apical 4-chamber view. 23 Additional exploratory analyses included CRP at 14 days, other inflammatory biomarkers, changes in echocardiographic measures of cardiac function (measured at baseline and 14-day follow-up), and assessment of clinical outcomes throughout the 14-day follow-up such as adverse events, length of stay, hospital readmission, and time-to-events. All assessments were performed by investigators blinded to treatment allocation. To account for variation in baseline CRP, an additional AUC calculation was performed using CRP values normalized for baseline values (i.e. expressed as a fraction of baseline CRP). Using this approach, the baseline CRP is expressed as 1.0 and a CRP that remained unchanged throughout the study would result in an AUC of 3.0 units after 72 hours and 14.0 units after 14 days.
Descriptive summaries of continuous measurements are reported as median and interquartile range to account for potential deviation from Guassian distribution. Descriptive summaries of categorical measurements are reported as frequency, proportion, and 95% confidence intervals. Differences between treatment groups were computed using the Mann-Whitney U test for independent samples or Fisher's exact test for discrete variables. Paired analyses of effects versus baseline were performed using the Wilcoxon signed-rank test for continuous variables.
The sample size for the pilot study is based upon the expected CRP AUC responses at 72 hours and 14 days for patients treated with anakinra versus placebo. In a study of nesiritide versus nitroglycerin in a similar population with ADHF, Chow et al reported a baseline CRP of 25 ± 6 mg/L that remained unchanged after 48 hours continuous treatment. 19 We therefore anticipated minimal changes in CRP prior to 48 hours, moderate reductions in CRP between 48 hours and discharge, followed by reductions to a mean value of 5 mg/L atreduction of CRP within 72 hours of anakinra treatment, followed by a reduction to less than 2 mg/L at the 14 days follow-up, resulting in a 50% relative AUC reduction versus placebo at 14 days. These assumptions provided 87% power to detect a significant difference in CRP AUC with a sample size of 30 patients.
Results
Beginning on January 30, 2014, consecutive patients presenting to our institution with suspected heart failure were reviewed for eligibility. Patients that met the eligibility criteria upon preliminary review were approached for potential enrollment ( Figure 1 ). A total of 36 patients provided informed consent and underwent CRP screening, resulting in 30 patients who met entry criteria and underwent randomization. Patient demographical data and clinical characteristics are displayed in Table 1 . In general, the study population consisted of middle-aged, African American men with moderate-to-severe systolic dysfunction and high prevalence of hypertension, diabetes, and obesity. There were no significant differences between allocation groups in patient demographics or clinical characteristics.
Fourteen patients in the anakinra group (93%) and 13 patients in the placebo group (87%) completed the study protocol through the first 72 hours (or discharge) and were converted to once-daily dosing. One patient in each group had treatment suspended upon discovery of an infection (Clostridium difficile colitis, peritonitis) that was subsequently considered to have been present prior to enrollment. These 2 patients were therefore excluded from all analyses. One additional patient in the placebo group was transferred to another hospital on Day 2 of treatment and was withdrawn from the study. Two additional patients in the anakinra group and 1 additional patient in the placebo group were discharged before 48 hours and were not included in the 72 hours analyses. A total of 9 patients in the anakinra group (60%) and 8 patients in the placebo group (53%) returned to clinic for the 14-day clinical follow-up.
Plasma biomarkers levels are presented in Table 2 . Patients exhibited pronounced inflammatory activity at baseline, as evidenced by the median baseline CRP of 23.8 [10.9 -46 .9 mg/L] among all patients enrolled. During the first 72 hours of treatment, CRP remained largely unchanged among patients randomized to placebo (−6.0% [−32.6%, 54 .5%], P=0.88 versus baseline), but was significantly reduced among patients treated with anakinra (−61.0% [−71.2%, −51.5%], P=0.002 versus baseline, P=0.004 versus placebo, Figure 2 ). Patients receiving anakinra were also more likely to experience a 50% reduction in CRP at 72 hours (75% versus 17%, P=0.008).
Upon completion of 14 days treatment, CRP was significantly lower among patients randomized to anakinra (1.30 [0.80, 1.85 ] mg/L) compared to placebo (4.45 [1.80, 20.75] mg/L, P=0.034 versus anakinra), reflecting relative reductions of 97.5% (anakinra) and 85.0% (placebo, P=0.006 versus anakinra, Figure 3 ). Patients receiving anakinra were more likely to achieve a "normalized" CRP value (<2 mg/L) at 14 days (78% versus 25%, P=0.040).
values, to take into account differences in baseline values, were 29% lower at 3 days among patients treated with anakinra (2.09 [1.73, 2 .61]) versus placebo (2.93 [2.36, 3 .79], P=0.023) and 52% lower at 14 days (anakinra 4.84 [3.50, 5 .67] versus placebo 10.10 [7.71, 17 .99], P=0.013).
Treatment with anakinra also produced significant reductions in IL-6 AUC 0-3 and IL-6 AUC 0-14 (Table 2) Anakinra did not have any consistent effect on other biomarkers such as TNFα, IL-17, LpPLA2, leptin, adiponectin, NTproBNP, and galectin-3 ( Table 2 ). There was an early reduction among patients receiving anakinra in myeloperoxidase activity at 72 hours, but this effect disappeared at the 14 days evaluation. Patients receiving anakinra exhibited higher concentrations of high sensitivity cardiac troponin I at the 14 days follow-up, although the relative reductions from baseline were comparable between allocation groups (−19%
[anakinra] versus -22% [placebo], P=0.68, Table 2 ).
Treatment with anakinra was well tolerated. There were 6 adverse events (in 5 patients) treated with anakinra and 12 adverse events (in 10 patients) treated with placebo (OR 0.22 [0.04-1.09, P=0.064). Patient receiving anakinra exhibited significant reductions versus placebo in white blood cells and neutrophils after 72 hours treatment (Table 2 ), but there were no reported infections among patients treated with anakinra. There were no significant differences between treatment groups in the initial length of stay (4. (21% vs 62%, OR 0.17 [0.03, 0 .92], P=0.041). When these four markers of congestion were combined to form a composite score (0 -4, based upon the presence of pulmonary congestion, edema, S3 gallop, JVD), patients receiving anakinra were more likely to experience a reduction in congestion at 72 hours, while patients receiving placebo did not experience any statistical difference at 72 hours follow-up (Supplemental Figure 1) . These findings were evident despite no differences in total IV furosemide usage during the first 72 hours (anakinra: 280 [100, 490] mg; placebo: 440 [300, 560] mg, P=0.11).
In patients with paired baseline and day 14 echocardiograms (N=14), anakinra was associated with a greater recovery in LVEF (+10% [+3, +14]) compared to placebo (0 [−16%, +5%], P=0.020). There were no other significant differences in echocardiographic measures of LV volumes, transmitral flow and mitral annulus tissue Doppler spectra.
Discussion
The results of this study provide the first direct evidence that IL-1 drives the systemic inflammatory response during ADHF and suggests that targeted IL-1 blockade is sufficient to accelerate resolution of the acute inflammatory response. These conclusions derive Van Tassell et al. Page 5 primarily from the significant relative reductions in CRP and IL-6 versus placebo throughout the 14-day treatment course. Moreover, the current study demonstrates the preliminary feasibility of IL-1 blockade in ADHF, given that anakinra was generally well tolerated and associated with no significant increase in adverse events versus placebo. While these results are encouraging and provide incremental support for continued investigation of IL-1 blockade as a therapeutic strategy, it is important to note that this study was not designed to provide definitive answers of safety and/or efficacy from a treatment perspective. Instead, the study was designed to characterize the surrogate biomarkers of response to IL-1 blockade. All findings should therefore be considered "hypothesis-generating" for future confirmatory studies.
An area-under-the-curve approach was used to compare the inflammatory response throughout the 14-day treatment. While treatment with anakinra failed to reduce AUC 0-3 or AUC 0-14 for CRP using the absolute values, this analysis was highly influenced by baseline CRP and skewed by the fact that all four patients with baseline CRP >90 mg/L were randomly allocated to anakinra treatment. When normalized for baseline CRP values, treatment with anakinra produced a significant reduction in AUC for CRP that was evident at 72 hours and grew to become more pronounced at 14 days. It remains undetermined, however, whether alternative anakinra dosing regimens would provide additional CRP lowering effects. Given the plasma half-life of CRP (~18 hours), a pharmacologic strategy that completely inhibited all CRP production would be expected to reduce relative CRP concentration by >90% at 72 hours. The observed 61% relative reduction in CRP at 72 hours suggests (a) incomplete CRP blockade during the first 72 hours, (b) impaired CRP clearance resulting in a prolonged plasma half-life, or (c) non-IL-1 mediated production of CRP. In prior studies among patients with sepsis and stroke, anakinra was infused at doses as high as 2 mg/kg/hour (>2,000 mg/day) for up to 72 hours without any increase in adverse effects. 22 In a prior study 108 HF patients, reduced LVEF (<35%) and elevated CRP (>2.97 mg/L) were the two strongest predictors of major adverse cardiovascular events (death, heart transplant, HF hospitalization). 17 After 1 year, event-free survival was approximately 50% in patients with high CRP versus approximately 85% in patients with normal CRP (P=0.0003).
More recently, a multivariate analysis of ADHF patients identified marked elevations in baseline CRP (>25 mg/L) as the strongest independent predictor of HF readmission. 24 A proof-of-concept study among patients with chronic systolic HF and elevated CRP (>2 mg/L) observed a significant improvement in aerobic exercise performance (peak VO2 = 12.3 [baseline] to 15.1 [final] mL/kg/min, P=0.016) following 2 weeks treatment with anakinra and associated with >90% reduction in CRP. 21 The ideal anti-inflammatory regimen may therefore need to address both the acute anti-inflammatory response accompanying decompensation and the residual low-grade inflammation that persists after discharge.
The current study also provides incremental evidence supporting the selectivity of IL-1 blockade to avoid significant effects on biomarkers of the innate immune response. IL-17A
is an important mediator of chemokine production (along with interferon-γ [IFNγ]) to recruit monocytes and neutrophils to the site of tissue injury; 22 TNFα is a potent mediator of systemic auto-immune function that often operates in parallel with IL-1 auto-inflammatory activity. 22 However, previous studies pharmacologic suggest a deleterious effect following TNFα-blockade in chronic HF patients. [25] [26] [27] Despite the fact that anakinra significantly blunted IL-6 and CRP (surrogate markers for IL-1 activity) in the current study, there were no detectable effects on IL-17 and TNFα throughout the 14-day treatment. These results corroborate findings from the previously mentioned proof-of-concept study in which anakinra produced profound CRP reductions (~90% versus baseline) without any measureable changes in TNFα or IFNγ. 21 When examining the results of the placebo group, it is interesting to note that contemporary standard of care does little to affect the inflammatory response during the first 72 hours of treatment. This observation is consistent with a previous study of ADHF patients randomized to intravenous use of nesiritide versus nitroglycerin (Chow et al) , in which inflammatory biomarkers (CRP, IL-6, TNFα, and TGFβ) remained elevated throughout the first 48 hours of admission regardless of treatment allocation. Despite the persistent inflammatory activity during the first 72 hours of the current study, the CRP signal at 14 days dropped to a median of 4.4 mg/L, which represented >80% reduction from baseline values. This observation suggests that the inflammatory response during the acute phase of HF decompensation may "wax and wane" in parallel to HF symptoms. It remains to be determined whether the incomplete resolution of inflammation at 14 days (among placebotreated patients) represents a viable opportunity for intervention to improve patient outcomes. Ongoing studies of IL-1 blockade in ambulatory patients with recently decompensated HF or myocardial infarction will help to address this question. [28] [29] In addition to the relatively small sample size, a primary limitation to the current study was the loss to follow-up rate at 14 days. Given that follow-up rates were similar between treatment groups, it is unlikely that this stems from a treatment effect of anakinra and more likely reflects the real-world struggles of our patient population at an urban academic medical center. Socioeconomic status, healthcare literacy, and adherence to pharmacologic and non-pharmacologic regimens are well-described risk factors for HF admissions and likely contributed to the poor follow-up rate observed in this study. 29 The use of limited transthoracic echocardiography also limited our ability to determine the mechanisms by which anakinra may have affected cardiac function. Future studies would benefit from a more thorough echocardiographic evaluation including assessment of global strain patterns and wall motion abnormalities.
Another limitation to the current study stems from the difficulty in standardizing "time from symptom onset" in ADHF patients. Unlike the symptoms of other acute conditions, such as acute myocardial infarction, the symptoms of HF often develop gradually over a series of days to weeks. While some patients may seek treatment early in the course of symptoms, others may put off seeking medical care for an extended period of time. As a result of these varying pre-hospital courses, it becomes difficult to ensure that all patients are receiving an experimental therapy at comparable points in their disease course. Indeed, this discrepancy may contribute to the considerable variation observed in baseline CRP. We attempted to partially correct for this variation by requiring that all patients complete the screening process-including CRP measurement-within the first 24 hours of hospitalization, and also by analyzing the CRP data after correction for the baseline levels. Given the stringent diagnostic criteria for ADHF, overlapping differential diagnoses among treating providers, and time required for patient screening, consent, and enrollment, this resulted in a median time of 21 hours from admission to first dose in the current study. While future studies may attempt to further standardize the "time from symptom onset" in ADHF patients, we believe that "time from admission" represents a more feasible treatment goal.
In summary, we report the results of a randomized, double-blind, placebo-controlled clinical trial in which 14 days of treatment with anakinra reduced the systemic inflammatory response among patients with ADHF. IL-1 blockade was well-tolerated by patients and not associated with any adverse clinical events. While the current study does not directly address whether inflammation plays a causal role in acute decompensation, it does provide a novel description of the inflammatory response throughout the course of admission, hospitalization, and discharge and provide confirmatory evidence that IL-1 mediates the IL-6 and CRP response during ADHF. These findings support the continued exploration of targeted anti-IL-1 strategies to determine whether modulation of the inflammatory response will improve clinical outcomes for HF patients.
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